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Abstract 5 
The bond mechanism between steel and concrete can be compromised during a fire and is one of 6 
the least investigated phenomena in concrete research. In this work we present a thorough review of 7 
the experimental data available on this topic. The results from the tests reported by a number of 8 
researchers have been systematically collected in a database. This work also reports the results 9 
obtained in the bond strength tests carried out on four batches of normal and high strength concretes 10 
exposed to temperatures up to 825 °C. The database provides the source for a multiple regression 11 
analysis which is performed in order to define a model aimed at predicting the bond strength as a 12 
function of several variables: the exposure temperature, the concrete compressive strength at ambient 13 
temperature, the type of fibre addition, the fibre volume fraction, the age at testing, the bond length 14 
and the concrete cover of the steel bar. Based on different error measurements, our model is 15 
favourably compared to the set of experimental results reported here and also other prediction models 16 
reported in the literature. 17 
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1. Introduction  20 
The behaviour of concrete exposed to high temperature has been thoroughly researched during 21 
the 20th century. One of the earliest pieces of research dates from 1920 [1]. The effects of the 22 
exposure of concrete to elevated temperatures can be described through the following stages [2]: (i) 23 
drying of capillary water occurs between 20 and 100 °C, with a slight reduction of the compressive 24 
strength; (ii) for temperatures up to 300 °C an increase of the compressive strength is reported for 25 
young and dry concretes; (iii) the dehydration of the Calcium-Silicate-Hydrate gel starts around 150-26 
180 °C and the dehydration of the portlandite takes place between 400 and 600 °C; (iv) a notorious 27 
drop of the mechanical properties of concrete is observed in the interval 300-650 °C; (v) in the case of 28 
quartzitic aggregates, a transformation of -quartz into -quartz takes place at 570 °C and entails a 29 
volumetric increase which is thought to be responsible for the higher drop of mechanical properties in 30 
concretes made with this type of aggregates as compared to other types; (vi) the decarbonation of 31 
limestone aggregates occurs between 600 and 900 °C; (vii) by 700 °C the dehydration of the CSH gel 32 
is mostly complete; (viii) the rate of reduction of mechanical properties slows down for temperatures 33 
higher than 650 °C; (ix) melting of some types of aggregates takes place at around 1200 °C and 34 
melting of the Portland cement paste is reported at around 1350 °C.  35 
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Research on the performance of high strength concrete (HSC) at high temperatures was carried 36 
out since the late 1970’s. Their compact microstructure makes HSC more sensitive to the sloughing 37 
off or even the explosive spalling of the concrete cover in the hottest elements [3]–[8]. The causes of 38 
thermal spalling have been discussed in a number of reports: (i) heating rate [2]; (ii) incompatibility 39 
of thermal strains of components (cement paste, aggregates, steel) or layers with different 40 
temperatures and coefficients of thermal expansion [9], [10]; (iii) pore pressure build up caused by 41 
steam expelled in the dehydration of the CSH gel and the portlandite [2] and also by the CO2 expelled 42 
in the calcination of limestone aggregates [11]. The behaviour of fibre reinforced concretes exposed 43 
to fire temperatures has also been studied [12]–[18] and some prediction models have been created 44 
for a number of mechanical properties –compressive strength, tensile strength, elastic modulus, stress-45 
strain relationship– for both polypropylene fibre [19] and steel fibre [20] reinforced concretes. 46 
Concrete fire design is covered by international standards, such as the Model Code 2010 [21] and 47 
the Eurocode 2 [22]. These documents present simplified and advanced analysis methods, based on 48 
tabulated data and curves that describe the evolution of mechanical and thermal properties of concrete 49 
and steel. However, these standards do not provide models for the evolution of the bond strength 50 
between the steel reinforcement and the concrete during or after exposure to elevated temperatures. 51 
Compared to other mechanical properties, steel to concrete bond after high temperature exposure may 52 
be one of the least investigated phenomena in concrete research. 53 
This paper presents an exhaustive review of the state of the art concerning the study of steel to 54 
concrete bond at high temperature. Some authors have used their own experimental data to propose 55 
analytical expressions to predict the peak bond strength and to adapt the formulation which is given in 56 
Model Code 2010. Many models treat the residual peak bond strength as a function of the exposure 57 
temperature only. All the experimental results reported in the literature review are used here to 58 
develop a linear multiple regression analysis to study how other independent variables affect the bond 59 
at high temperature. Additionally, we have carried out further bond strength tests on four batches of 60 
normal and high strength concretes and the results are then compared with the multivariable models 61 
developed. In the discussion, several error measurements are used to compare the new multivariable 62 
models with the ones reported by other authors and described in our review. 63 
 64 
2. Literature review 65 
2.1 Previous experimental studies 66 
At the moment of writing this paper, the available pieces of research that have reported 67 
experimental results on the loss of steel-to-concrete bond at high temperature are the following: 68 
Milovanov and Salmanov [23], Kasami et al. [24], Reichel [25], Diederichs and Schneider [26], Hertz 69 
[27], Morley and Royles [28], Ahmed et al. [11], Haddad and Shannis [29], Haddad et al. [30], Bingöl 70 
and Gül [31], Arel and Yazici [32], Ergün et al. [33], Lublóy and Hlavička [34], Varona et al. [35], 71 
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Lee et al. [36] and Yang et al. [37]. Table 1 summarises the main parameters and conditions studied 72 
in these references.  73 
There is no unique standard to test the bond strength between steel and concrete and there is also 74 
no uniform procedure to test material properties at elevated temperatures. Many of these studies have 75 
been based in the RILEM/CEB/FIP pull-out test or a modification suggested in [38]; although the 76 
original shape of the pull-out specimens is cubic, many studies used cylindrical specimens but 77 
maintained the standard’s size ratios (e.g., size of specimen to bar diameter ratio, bond length to bar 78 
diameter ratio). Some studies used other geometries, such as conical [27] and prismatic including 79 
additional transverse reinforcement [30]. This lack of uniformity affects two parameters that are 80 
critical for the bond strength: the bond length and the concrete cover. The Model Code 2010 [21] 81 
defines the local bond stress-slip relationship represented in Fig. 1, which is valid for ribbed bars 82 
under good bond condition and with values concrete cover equal or greater than five times the bar 83 
diameter. With smaller covers, the brittle splitting failure may develop instead of the pull-out failure 84 
(this phenomenon was one of the objectives in [32]). Also, according to [38], in for the pull-out tests 85 
to reproduce the local bond stress-slip law, the ratio of bond length to bar diameter should be limited. 86 
As mentioned above, these parameters show important variations in the reported studies. 87 
Furthermore, some of the earlier studies included both plain bars and ribbed bars. 88 
 89 
 
Fig. 1 Bond stress-slip relationship in Model Code 2010 [21] 
 90 
The range of concrete compressive strength varies from 19 to 98 MPa, thus covering both normal 91 
strength concretes (NSC) and high strength concretes. It may be noted in Table 1 that the original 92 
compressive strength at ambient temperature was not always measured or reported. Regarding the 93 
composition of the concrete, some studies reported the use of admixtures and the maximum aggregate 94 
sizes, although this information is not given in several references. The same happens with the 95 
aggregate type, which was not always reported. Some of the most recent studies also included fibre 96 
 4 
addition, including polypropylene fibres, steel fibres or a mix of both of them (hybrid fibre). The age 97 
at testing also varied from one study to another: the extreme cases are reported in [11], with tests at 7 98 
and 35 days, and in [26], with tests at 150 and 600 days.  99 
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 111 
Regarding the thermal treatment, electrical furnaces were used in most cases, with heating rates in 112 
the range of 1 to 10 °C/min, slower than the standard time-temperature curve for fire tests on building 113 
materials and structures. The maximum exposure temperature was maintained during a period of time 114 
in order to thermally saturate the specimens with a homogeneous distribution of temperatures. The 115 
duration of this thermal saturation plateau is the parameter with the widest range of values (from 45 116 
 6 
minutes to 90 days) However, real fire exposure was actually conducted in [25]. Also, in most cases, 117 
the pull-out tests were carried out after cooling to ambient temperature, which is expected to cause a 118 
greater loss of mechanical properties, including the bond strength, as concluded in [11], [28], [31].  119 
 120 
2.2 Prediction models for bond at high temperature 121 
Some of these references have developed analytical models for the residual bond strength after 122 
exposure to elevated temperatures. These models have been collected in Table 2. Most of these 123 
models were developed through regression analysis based on their authors’ own experimental results. 124 
Haddad and Shannis [29] proposed two models based on their experiments on high strength concretes 125 
(HSC): one of them was based on the natural pozzolan content and a second one was for general use 126 
and is presented here as Eq. [1], which makes the normalised residual bond strength (NRBS) to 127 
depend on the normalised residual compressive strength of concrete (NRCS) after exposure to high 128 
temperature. The experiments on the bond strength to fibre reinforced high strength concretes 129 
(FRHSC) which were carried out by Haddad et al. [30] yielded the analytical model in Eq. [2], in 130 
which T is the exposure temperature and coefficient k takes the following values: 152 for plain 131 
concrete; 170 for FRC with hook-end steel fibres and also for FRC with a mixture of hook-end steel 132 
fibres and high performance polypropylene fibres; 159 for FRC with a mixture of hook-end steel 133 
fibres and brass coated steel fibres; and 149 for FRC with brass coated steel fibres. The models 134 
developed by Aslani and Samali [39] are the only models in Table 2 to be based on a wide array of 135 
previously reported experimental results ([11], [26]–[31]). Both a simplified model (Eq. [3]-[4]) and a 136 
slightly more advanced model (Eq. [5]) were devised. The former is limited to the temperature range 137 
from 20 to 800 °C and depends on the type of cooling, the exposure temperature T and the bond 138 
length l. In the latter (Eq. [5]), fc,T is the cylinder compressive strength after exposure to temperature T 139 
and fc,20 °C is the cylinder compressive strength at ambient temperature. This second model is limited 140 
to temperatures from 100 to 800 °C. For the ratio (fc,T / fc,20 °C), the authors gave a set of equations 141 
covering normal strength concrete (NSC), high strength concrete (HSC), calcareous aggregate 142 
concrete and lightweight aggregate concrete. In the model by Arel and Yazici [32] –based on their 143 
experiments on NSC and HSC– Pt is the pull-out force (in kN) for a 14-mm-diameter deformed steel 144 
bar, c is the thickness of the concrete cover, and fc28, fct28 and Ec28 are the compressive strength, 145 
splitting tensile strength and modulus of elasticity of concrete, respectively, all of which correspond 146 
to an age of 28 days and at ambient temperature. Ergün et al. [33] used their experimental data on 147 
plain NSC to propose the formulation in Eq. [7]-[8]. In their work based on fibre reinforced NSC and 148 
HSC, Varona et al. [35] used their own experimental results to propose several equations for different 149 
types of concretes. The two models shown in Table 2 correspond to NSC (Eq. [9]) and HSC (Eq. 150 
[10]). However, in both cases the concrete mixes included a very small amount of monofilament 151 
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 156 
In Eq. [9]-[10], b,max,T is the peak bond strength after exposure to temperature T, fc,cub,T is the cube 157 
compressive strength after exposure to temperature T, and fc,cub,20 °C is the cube compressive strength 158 
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at ambient temperature. Finally, the work by Yang et al. [37] tested the bond between slightly 159 
corroded steel bars and concrete after high temperature exposure. The authors developed an analytical 160 
model which attempted a generalisation of the bond stress-slip relationship in Model Code 2010 [21]. 161 
The influence of the mass loss due to corrosion affected the residual bond stress as a function of the 162 
relative steel-to-concrete slip. However, the peak bond strength was not found to depend on the loss 163 
mass and the authors developed the model given in Eq. [11], where the value of coefficient  can be 164 
taken as 3.5 with exposure temperatures up to 400 °C, and as 2.5 in the range from 600 to 800 °C. 165 
 166 
3. Methodology 167 
3.1 Database with experimental results in the state of the art 168 
Table 1 summarises the most significant variables of the studies on steel to concrete bond at high 169 
temperatures which have been described in this paper’s literature review section. The experimental 170 
results reported by those studies have been collected in a database. These data are represented in Fig. 171 
2 as a function of temperature only. The vertical axis represents the normalised residual bond strength 172 
(NRBS), i.e., the ratio between the residual bond strength after high temperature exposure and the 173 
original value at ambient temperature, expressed as a percentage. This ratio is expressed as a 174 
percentage. The total number of data points available is 450, 374 of which correspond to temperatures 175 
between 50 and 825 °C –76 points with NRBS = 100% are superimposed at 20 °C.  176 
 177 
 
Fig. 2 Bond strength as a function of temperature: 466 experimental data points and non-linear simple 
regression with 95% confidence interval 
 178 
The most striking feature of the data shown in Fig. 2 is the great dispersion exhibited at some 179 
temperatures, especially at 600 °C. This dispersion may be explained by a number of parameters that 180 
also affect the phenomenon and are annotated in Table 1: compressive strength at ambient 181 
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temperature, content and type of fibres, content and type of admixture, type of aggregate, aggregate 182 
size distribution, specimen geometry and size, bond length, concrete cover, type of bar, age at testing, 183 
heating device, duration of thermal saturation plateau, cooling procedure, and type of test.  184 
An example of the database is shown in Table 3. Some of the aforementioned variables affecting 185 
bond have not been reported in all previous studies (e.g., type of aggregate, aggregate size). 186 
Therefore, eight independent variables and three dependent variables have been identified for each of 187 
the experiments reported in the database, based on the available reported information. The 188 
independent variables in the database are the following: 189 
 Type of fibre: this is a categorical variable that adopts the value 0 when there is no fibre 190 
content, 1 when steel fibres are used, 2 when polypropylene fibres are used, and 3 when 191 
hybrid fibres are added to the concrete. 192 
 Fibre content expressed as percentage of volume fraction (VF). 193 
 Concrete compressive strength at ambient temperature (fc,20 °C, expressed in MPa). Values 194 
measured in cubic specimens have been transformed to their equivalent values in 195 
cylindrical specimens. This variable was not recorded in some of the experimental set ups 196 
in Table 2.  197 
 Bond length to rebar diameter ratio (l/d). 198 
 Concrete cover to rebar diameter ratio (c/d). 199 
 Age at testing, expressed in days. 200 
 Ratio between the duration of the thermal saturation plateau and the specimen size 201 
squared (, in hours/dm2). Given the range of specimen sizes and the range of times 202 
allotted for thermal saturation, this variable is defined in order to ascertain whether this 203 
aspect of the methodology affects the results or not.  204 
 Exposure temperature (T, in °C). 205 
The dependent variables are:  206 
 Normalised residual bond strength (NRBS) expressed as a percentage. This is the ratio 207 
between the residual bond strength after high temperature exposure and the original bond 208 
strength at ambient temperature. 209 
 The compressive strength after high temperature exposure (fc,T, in MPa), whenever the 210 
experiments covered this type of test.  211 
 The original peak bond strength value at ambient temperature (b,20 °C, in MPa). 212 
Concerning the experimental data points represented in Fig. 2, only the available results for 213 
ribbed deformed steel reinforcing bars have been considered in the database. That means that the 214 
experiments reported by Kasami et al. (1975) [24] have not been included because they focused on 215 
the bond between concrete and plain round bars. Also, results for plain round bars or prestressing 216 
wires reported in [23], [25], [26], [28], [33] have been left out. In the case of the research by Ergün et 217 
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al. (2016) [33], these authors studied the effect of the steel grade on the bond behaviour and the 218 
database illustrated in Fig. 2 only includes those results that correspond to the usual yield strength of 219 
reinforcing bars (around 500 MPa). Finally, in the case of the research by Yang et al. (2018) [37], 220 
these authors focused on the effect of slightly corroded rebars on the bond at high temperature and the 221 
database only collects the results corresponding to low values of mass-loss (not greater than 1%). 222 
 223 





















Varona et al. [35] (C) 3 0.41 20.5 4.17 4.71 60 0.8 20 20.5 12.7 100 
Varona et al. [35] (C) 3 0.41 20.5 4.17 4.71 60 0.8 450 17.1 12.7 82.68 
Varona et al. [35] (C) 3 0.41 20.5 4.17 4.71 60 0.8 650 10.4 12.7 44.80 
Varona et al. [35] (C) 3 0.41 20.5 4.17 4.71 60 0.8 825 3 12.7 26.93 
Varona et al. [35] (D) 2 0.27 74.2 4.17 4.71 60 0.8 20 74.2 30.1 100 
Varona et al. [35] (D) 2 0.27 74.2 4.17 4.71 60 0.8 450 60.4 30.1 90.70 
Varona et al. [35] (D) 2 0.27 74.2 4.17 4.71 60 0.8 650 29.9 30.1 33.89 
Varona et al. [35] (D) 2 0.27 74.2 4.17 4.71 60 0.8 825 18.1 30.1 16.58 
 225 
 226 
3.2 Additional experimental programme 227 
In order to validate the prediction models of the bond strength at high temperature, this paper 228 
presents an additional experimental study. Four concrete batches were prepared: two of them were of 229 
normal strength concrete (NSC) and the other two of high strength concrete (HSC). Polypropylene 230 
fibre addition was considered for both HSC batches, one of which also included hook-end steel fibres. 231 
One of the NSC batches was plain concrete and the other one did include hook-end steel fibres. The 232 
concrete compositions are given in Table 4.  233 
 234 
Table 4. Compositions of concretes tested in experimental programme 235 
 NSC-1 NSC-2 HSC-1 HSC-2 
Cement [kg/m3] 418 418 450 450 
Cement type CEM II/B-L 32.5R CEM II/B-L 32.5R CEM I 52.5R CEM I 52.5R 
Water [kg/m3] 230 230 173 173 
Sand 0/4 [kg/m3] 694 694 835 835 
Limestone gravel 6/12 [kg/m3] 1042 1042 835 835 
Silica fume [kg/m3] – – 45 45 
Polypropylene fibres [kg/m3] – – 3 3 
Steel fibres [kg/m3] – 20 – 20 
 236 
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The polypropylene fibres had a length of 6 mm and a diameter between 31 and 35 m. The 237 
material was 100% polypropylene, with a melting point around 165 °C: The steel fibres were of the 238 
hook-end type with a length of 35 mm and a diameter of 0.75 mm.  239 
The specimens were unmoulded at 24 h and then stored until an age of 28 days in a chamber 240 
under controlled conditions (20 ± 2 °C and relative humidity over 95%). Some of the samples were 241 
tested at room temperature at an age of 28 days and the rest were stored under normal conditions 242 
inside the laboratory until an age of 60-62 days. Then, further tests at room temperature were carried 243 
out plus the thermal treatments and the tests after high temperature exposure. A total of 120 244 
specimens were thus prepared, half of them for the compressive strength tests and the other half for 245 
the pull-out tests. For each test, five different conditions were chosen –age of 28 days at room 246 
temperature (Tamb) and age of 60 days at Tamb, 450, 650 and 825 °C– with three specimens for each 247 
condition and concrete batch. The compressive strength tests were carried out on cylindrical 248 
specimens with a height of 300 mm and a diameter of 150 mm, in compliance with EN 12390-3 [40]. 249 
On the other hand, the bond strength was measured through a modified version of the pull-out test, 250 
using a cylindrical specimen with a steel ribbed reinforcement bar embedded along its axis. The bond 251 
length was limited to just 50 mm, in accordance with [38]. The test setup is shown in Fig. 3 and the 252 
following specimen dimensions were considered: 253 
 100 mm high cylinders with a diameter of 100 mm in the case of NSC-1 and NSC-2. The 254 
steel reinforcement bar had a nominal diameter of 10 mm. 255 
 130 mm high cylinders with a diameter of 125 mm in the case of HSC-1 and HSC-2. The 256 







Fig. 3 Bond strength assessed through pull-out test: (a) schematic setup; (b) instrumentation of the test 259 
 260 
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The heating rate was 4.5 °C/min and the maximum target temperature was maintained during 75 261 
minutes. Natural cooling took place inside the oven and lasted typically between 11 and 16 hours.  262 
 263 
4. Results of the experimental programme 264 
The experimental results are given in Table 5. The structure of the database used to store the 265 
results of the studies presented in the literature review section has been used to show this information. 266 
 267 





















NSC-1 0 0.00 27.3 5.00 4.50 60 1.25 20 27.3 19.1 100 
NSC-1 0 0.00 27.3 5.00 4.50 60 1.25 450 21.0 19.1 69.85 
NSC-1 0 0.00 27.3 5.00 4.50 61 1.25 650 10.1 19.1 29.34 
NSC-1 0 0.00 27.3 5.00 4.50 62 1.25 825 3.9 19.1 10.82 
NSC-2 1 0.25 28.1 5.00 4.50 60 1.25 20 28.1 16.7 100 
NSC-2 1 0.25 28.1 5.00 4.50 60 1.25 450 21.3 16.7 85.93 
NSC-2 1 0.25 28.1 5.00 4.50 61 1.25 650 12.3 16.7 45.83 
NSC-2 1 0.25 28.1 5.00 4.50 62 1.25 825 4.6 16.7 13.93 
HSC-1 2 0.34 85.1 4.17 4.71 60 0.80 20 85.1 30.6 100 
HSC-1 2 0.34 85.1 4.17 4.71 60 0.80 450 61.2 30.6 70.01 
HSC-1 2 0.34 85.1 4.17 4.71 61 0.80 650 40.5 30.6 41.58 
HSC-1 2 0.34 85.1 4.17 4.71 62 0.80 825 18.4 30.6 12.12 
HSC-2 3 0.59 88.7 4.17 4.71 60 0.80 20 88.7 29.8 100 
HSC-2 3 0.59 88.7 4.17 4.71 60 0.80 450 70.1 29.8 74.32 
HSC-2 3 0.59 88.7 4.17 4.71 61 0.80 650 42.1 29.8 51.80 
HSC-2 3 0.59 88.7 4.17 4.71 62 0.80 825 19.3 29.8 14.67 
 269 
In Tables 3 and 5, the fibre type 0 corresponds to concretes without fibres; fibre type 1 270 
corresponds to steel fibre reinforced concretes; fibre type 2 corresponds to polypropylene fibre 271 
reinforced concrete; and fibre type 3 corresponds to hybrid fibre additions, mixing steel and 272 
polypropylene. One important result in the experimental programme conducted here is that there were 273 
no spalling failures, not even in the HSC samples with compressive strength over 80 MPa and in spite 274 
of the high temperatures tested –equal or in excess of 650 °C. Also, no sloughing off was observed in 275 
the surface of the specimens. According to Eurocode 2, Part 1-2 [22], when HSC is prepared using a 276 
significant amount of silica fume (over 6% by weight of cement), a minimum of 2 kg/m3 of 277 
monofilament polypropylene fibre (PPF) is recommended in the concrete mix. In this case, the 278 
content of silica fume was 10% by cement weight and, as shown in Table 4, the amount of PPF was 3 279 
kg/m3, which may explain the good behaviour exhibited by the HSC batches: the melting of PPF at 280 
around 170 °C creates a capillary network that helps reducing the vapour pressure build-up associated 281 
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to the dehydration reactions of the cement paste components. This finding is also in accordance with 282 
previous experimental observations reported by [15]–[18]. 283 
 284 
5. Multiple variable regression analyses 285 
The use of databases collecting previously reported empirical results to develop prediction 286 
models has already been successfully applied to mechanical properties of concrete exposed to high 287 
temperatures [19], [20]. In this particular case, the information contained in the database which has 288 
been presented earlier in this paper could be used to develop a non-linear simple regression analysis 289 
for the normalised residual bond strength (NRBS) with the exposure temperature as the only 290 
independent variable (see Fig. 2), which would yield Eq. [12]: 291 
2
0 0 0    NRBS A B T C T          [12] 292 
where NRBS is the normalised residual bond strength (in %), T is the maximum exposure 293 
temperature (in °C), A0 = 102.8 ± 2.6, B0 = -0.0726 ± 0.0165 and C0 = (-4.07 ± 2.11)·10-5. 294 
Coefficients A0, B0 and C0 are expressed by an estimated value plus or minus a margin for the 95% 295 
confidence interval. The R2 coefficient for this regression analysis is 0.802. The mean estimation 296 
curve and its 95% confidence interval are represented in Fig. 2. The wide dispersion at the highest 297 
range of temperatures may be explained by the attempt to predict NRBS as a function of just one 298 
variable.  299 
The eight independent variables in Table 3 are now considered for a linear multiple analysis. The 300 
dependent variable is the normalised residual bond strength (NRBS). Before carrying out this analysis, 301 
the database was slightly truncated because some of the experiments ([11], [23], [25]–[27], [36]) did 302 
not record the value of the compressive strength at ambient temperature. Next, a few outlier results 303 
were removed. One of them is easily appreciated in Fig. 2: at a temperature of 300 °C one experiment 304 
predicted a NRBS of around 20%. The results from that test –not only at 300 °C but also at other 305 
temperatures– were withdrawn. Other outliers were identified at 800 °C predicting a NRBS equal to 0. 306 
These adjustments reduced the number of data points from 450 to 372. When carrying out multiple 307 
regression analyses it is usually recommended that the number of data points per independent variable 308 
be at least 20 to 50. Considering eight variables (fibre type, fibre volume fraction, compressive 309 
strength at ambient temperature fc,20 °C, ratio l/d, ratio c/d, age at testing, ratio  of thermal saturation 310 
plateau to specimen size squared, and temperature T), the database would yield 46 points per 311 
independent variable, which seems adequate. 312 
The linear multiple regression analysis was carried out with SPSS software. A backward 313 
elimination method was selected to check the possibility of reducing the number of independent 314 
variables. The most important statistical parameters are shown in Table 4. Three models were created 315 
and studied. The first one (Model 1) included all eight independent variables. The second one (Model 316 
2) removed one independent variable and the third one (Model 3) removed another one, leaving a 317 
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total of six independent variables. The criterion used to remove variables was based on the 318 
contribution of each variable to the regression equation: a predictor variable was removed when its 319 
statistical significance was equal or greater than 8%. The greatest significance value of the 320 
independent variables in Model 3 was 2.1%, so the linear multiple regression analysis may be 321 
explained with just six predictor variables. 322 
 323 












variables F sig. 
Model 1 0.830 0.826 1.489 220.8 < 0.0001 29.48 None – 
Model 2 0.829 0.826 1.488 252.1 < 0.0001 23.69  6.519 






Therefore, from a statistical point of view, neither the ratio  nor the original concrete 326 
compressive strength at ambient temperature fc,20 °C seem to have a significant impact on the loss of 327 
bond strength at high temperature. This would mean that despite the relatively great disparity between 328 
the durations of the thermal saturation treatments and also between the sizes of the pull-out specimens 329 
in the sources of the database, this feature may not be statistically significant in the prediction model. 330 
Once that the relevant variables had been identified, a new multiple regression analysis was 331 
carried out, defining a non-linear quadratic dependence for the temperature T and linear functions for 332 
the other five variables: fibre type (FT), fibre volume fraction (VF, expressed as percentage), bond 333 
length to bar diameter (l/d), concrete cover to bar diameter (c/t) and age at testing (Age). The result is 334 
shown in Eq. [13]. 335 
2
1 1 1 1 1 1 1 1              
l c
NRBS A B T C T D FT E VF F G H Age
d d
         [13] 336 
 where A1 = 109.3 ± 6.6, B1 = -0.0715 ± 0.0161, C1 = (-3.51 ± 2.11)·10-5, D1 = 3.33 ± 2.02, E1 = -337 
7.34 ± 4.12, F1 = 0.674 ± 0.229, G1 = -2.41 ± 1.22 and H1 = -0.0514 ± 0.0537. As before, these 338 
coefficients are expressed with an estimated mean value plus or minus a margin for the 95% 339 
confidence interval. The R2 coefficient for this regression analysis is 0.833, which does not seem a 340 
significant improvement over the linear multiple regression analysis based on the exposure 341 
temperature as the only predictor variable (R2 = 0.802). The model could be then described through 342 
the four-variable Eq. [14], valid for plain concrete (i.e., without fibre addition): 343 
5 2109.3 0.0715 3.51 10 0.674 2.41 0.0514      plain concrete
l c
NRBS T T Age
d d
         [14] 344 
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where T is the exposure temperature (in °C), d is the ribbed bar diameter, l is the bond length, c is 345 
the concrete cover and Age is expressed in days. The generalisation for fibre reinforced concrete 346 
(FRC) is presented in Eq. [15]: 347 
3.33 7.34  FRC plain concrete f fNRBS NRBS t v          [15] 348 
where tf is the type of fibre (1 for steel fibre, 2 for polypropylene fibre and 3 for hybrid fibre 349 
addition) and vf is the fibre content (as volumetric percentage).  350 
The application of Eq. [14] to plain concretes is illustrated in Fig. 4a and Fig. 4b. The former 351 
corresponds to a situation at an age of 28 days, with l/d = 5 and c/d = 5. The mean prediction curve 352 
for this case and its upper and lower limits are represented in Fig. 4a which also shows the 353 
experimental database results that comply with those features. A second example is shown in Fig. 4b, 354 
which also corresponds to plain concrete, but at an age of 40 days, with l/d = 8 and c/d = 2. The 355 
experimental data points given in Fig. 4b roughly match these values: age between 35 and 40 days, l/d 356 
between 7.5 and 8.3, and c/d between 1.78 and 2.28. 357 
The multiple variable model seems capable enough of adapting to different situations but 358 
unfortunately its confidence interval is notoriously wider than that of the one-variable non-linear 359 
model described by Eq. [12] and represented in Fig. 2. For example, the lower limit of the single-360 
variable model would predict a complete loss of the NRBS at a temperature around 750 °C, 361 
regardless of other factors (age, fibre content, bond length and concrete cover), whilst the model itself 362 
–its mean curve– would have a NRBS of 25.7% at 750 °C. In the case of plain concrete at 28 days, 363 
with l/d = c/d = 5, the lower limit of the multiple variable model shows a total loss of NRBS at around 364 




Fig. 4 Application of the non-linear multiple regression model for bond strength as a function of six variables. 
 367 
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The single variable model (SVM) of Eq. [12] and the general multiple variable model (MVM) of 368 
Eq. [13] are now compared with some of the analytical models presented in this paper’s literature 369 
review section (Eq. [1] to Eq. [11]). All models are tested under the experimental input parameters 370 
available in the database and their predicted results are contrasted with the experimental evidence 371 
collected in the database. Most models in the literature review section are based on plain concrete, 372 
i.e., concrete without fibre addition. Moreover, the model by Aslani and Samali [39] is the only one 373 
which had been based on a wide array of previously reported results, none of which corresponded to 374 
FRC. Therefore, the database for the model comparison only includes plain concrete sources (either 375 
normal strength concrete or high strength concrete) or concretes with a small amount of 376 
monofilament polypropylene fibres (tf = 2) used for explosive spalling control. Also, some of the 377 
models depend on the evolution of the compressive strength at high temperature, so the database only 378 
includes those references which also reported this feature. Finally, the analytical model by Arel and 379 
Yazici [32] –Eq. [6]– cannot be compared because it is limited to 14-mm-diameter deformed steel 380 
bars and, more importantly, because it depends on some concrete properties –splitting tensile strength 381 
and modulus of elasticity– that are not available in most of the experimental setups collected in the 382 
database. The following error parameters are used in this discussion: the mean absolute error (MAE, 383 
Eq. [16]), the mean absolute percentage error (MAPE, Eq. [17]) and the root mean square error 384 
(RMSE, Eq. [18]). These error measurements depend on the experimentally tested values of the 385 
dependent variable (Ri), the predicted values of the dependent variables (Pi) and the number of data 386 
points used in the comparison (N). The error measurements obtained through the application of the 387 
discussed prediction models to the experimental results reported in the state of the art and the 388 




































         [18] 392 
 393 
There are some remarks worth mentioning concerning the application of some analytical models 394 
from Table 1 into Table 7. In the case of the two models by Aslani and Samali [39], the equations that 395 
correspond to the full range of the bond length (30 mm ≤ l ≤ 160 mm) have been used. In the case of 396 
the model by Yang et al. [37] the value of coefficient  is 3.5 for T ≤ 400 °C and 2.5 for T ≥ 600 °C. 397 
For intermediate temperatures in the range from 400 to 600 °C, it is assumed that the  may be 398 
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obtained through linear interpolation. Finally, when the models depend on the evolution of the 399 
compressive strength (fc,T or NRCS), their application uses the experimental values of fc,T available in 400 
the database, instead of the accompanying analytical equations provided by their authors.  401 
 402 
Table 7. Error measurements of NRBS models 403 
 
Applied to results in state 
of the art database 
 Applied to additional 
experiments in Table 5 
Model MAE MAPE RMSE  MAE MAPE RMSE 
Haddad and Shannis [29], Eq. [1] 18.0 29.6% 21.8  13.2 36.0% 14.7 
Haddad et al. [30], Eq. [2] 36.5 53.5% 39.7  28.3 52.5% 34.4 
Aslani and Samali [39], Eq. [3]-[4] 9.5 19.3% 13.0  9.8 31.3% 12.2 
Aslani and Samali [39], Eq. [5] 9.2 21.0% 12.3  10.3 50.8% 12.6 
Ergün et al. [33], Eq. [7]-[8] 11.1 20.9% 13.6  9.0 23.0% 10.3 
Varona et al. [35], Eq. [9]-[10] 47.9 65.2% 85.8  16.5 28.3% 20.3 
Yang et al. [37], Eq. [11] 112 161.7% 153  24.7 78.3% 25.5 
Single variable model, Eq. [12] 8.5 17.4% 11.6  6.3 14.5% 8.8 
Multiple variable model, Eq. [13] 8.2 16.8% 10.9  6.6 18.9% 8.8 
 404 
Table 7 presents two sets of error measurements. The first one corresponds to the comparison 405 
between the results collected in the state of the art’s database –329 experiments– and the NRBS 406 
predictions given by each of the analytical models used. Judging from the error measurements given 407 
in Table 7, the most accurate model seems to be the general MVM developed in this work (Eq. [13]). 408 
Of the previously reported models, the best one is the second set of equations by Aslani and Samali 409 
[39] (Eq. [5]) which exhibits a RMSE of 12.3 that is greater than the RMSE of the MVM (10.9). By 410 
far the most inaccurate performance is found in the models by Varona et al. [35] and by Yang et al. 411 
[37] and the reason seems to be that these two models are not designed to predict the normalised 412 
residual bond strength but the absolute value of the residual bond strength. Moreover, in both cases 413 
the equations make the peak bond strength at high temperature (b,max,T) depend on the evolution of 414 
the cube compressive strength at high temperature (fc,cub,T) for which the real tested values have here 415 
been employed instead of the sets of equations originally provided in [35], [37]. The relationship 416 
between these two properties –bond strength and compressive strength– is addressed in the next 417 
section.  418 
The second set of error measurements in Table 7 compare the analytical models in Eq. [1]-[5] and 419 
Eq. [7]-[13] with the experimental results obtained in the additional study presented in this paper, 420 
which was summarised in Table 5. The additional study includes plain concrete (the batch NSC-1) 421 
and fibre reinforced concretes (batches NSC-2, HSC-1 and HSC-2). Both the SVM and the MVM 422 
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developed here are the only models able to reduce the MAPE under 20% and the RMSE under 10. 423 
Therefore, these new prediction models are deemed to offer the most accurate prediction of the 424 
additional experimental study presented here, despite their being developed independently of it.  425 
An analysis of the error measurements given in Table 7 shows that there seems to be a very slight 426 
advantage of the multi-variable approach over the single-variable one. When confronting these new 427 
prediction models with all the experimental background reported in the state of the art, the MVM 428 
reduces the MAPE in more than 0.5% with respect to the SVM, and the RMSE is reduced by 6% (11.6 429 
to 10.9). Furthermore, the MVM would be able to qualitatively explain how some parameters would 430 
affect the loss of steel-to-concrete bond at high temperature. For example, the loss of bond with heat 431 
exposure is explained with the two negative coefficients for T and T2 (see Eq. [14]). The concrete 432 
cover (c/d) also has a negative coefficient; at first hand, this result is paradoxical, because the thinner 433 
the concrete cover, the greater the risk of brittle failure due to concrete splitting instead of pull-out of 434 
reinforcing bar. However, the dependent variable in this model is not the absolute value of the bond 435 
strength at high temperature (b,T) but its normalised value NRBS with respect to the original one at 436 
ambient temperature (b,20 °C), which is severely compromised if splitting occurs before pulling-out. 437 
At high temperatures, the risk of splitting is slightly reduced because the micro-structure’s stiffness 438 
has been reduced. Therefore, with a thicker concrete cover c, the NRBS would compare the bond 439 
strength at high temperature (b,T) with a greater value of b,20 °C, thus yielding a smaller residual bond 440 
strength. Apparently, the age at testing also has a negative impact on NRBS, which may be attributed 441 
to the fact that in an older concrete, the hydration of the cement paste is higher. Consequently, the 442 
mechanical properties at ambient temperature are increased but, at the same time, the cement paste 443 
may suffer more damage caused by the dehydration reactions taking place when exposed to elevated 444 
temperature. For example, a reinforced concrete element that reached 600 °C –with l/d = c/d = 5– 445 
would suffer a loss in the residual bond strength between 56% (age of 28 days) and 60% (age of 90 446 
days). At a higher temperature of 800 °C, the loss in residual bond strength would be between 80% 447 
(28 days) and 84% (90 days). However, the addition 0.5% in volume of hybrid fibres would reduce 448 
the loss in residual bond strength to from 84% to 77% at 800 °C (age of 90 days). A similar result 449 
may be observed using polypropylene fibre addition of 0.2% (around 2 kg/m3), with a bond strength 450 
loss of 78% at 800 °C (age of 90 days).  451 
 452 
6. Relationship between bond strength and compressive strength 453 
As stated before, the database that has been created using the experimental evidence from the 454 
literature review not only includes the NRBS values but also the evolution of the compressive strength 455 
(fc,T) after high temperature exposure and the peak bond strength at ambient temperature (b,20 °C). 456 
These data may help studying a possible analytical relationship between the loss of residual bond 457 
strength and the loss of compressive strength after exposure of the concrete to elevated temperatures. 458 
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Not all the authors referenced in Table 2 reported the evolution of fc,T and, unfortunately, the evidence 459 
collected by Milovanov and Salmanov [23], Reichel (1978) [25], Diederichs and Schneider [26], 460 
Hertz (1982) [27], Ahmed et al. (1992) [11] and Lee et al. (2018) [36] cannot be used for that 461 
purpose. In the dabase there are a total of 381 data points that include fc,T (along with b,20 °C and 462 
NRBS). The relationship between the experimental results for b,T and fc,T is illustrated in Fig. 5a. 463 
Furthermore, the Model Code 2010 [21] suggests a linear relationship between the bond strength and 464 
the square root of the compressive strength and this feature is shown in Fig. 5b.  465 
The poor values of the R2 coefficients in the linear regression analyses represented in Fig 5a and 466 
Fig. 5b may be explained by the wide range of values of ratios c/d (cover to bar diameter) and l/d 467 
(bond length to bar diameter). According to the Model Code 2010, the bond stress-slip local 468 
relationship strongly depends on these ratios. For example, low values of c/d –smaller than 5– may 469 
induce splitting failure to occur before pull-out failure. The former is likely to produce low values of 470 
the peak bond strength. Concerning the l/d ratio, the pull-out set up should be limited to a bond length 471 
not greater than five times the bar diameter in order for the experiment to yield an experimental bond 472 
stress-slip relationship that could arguably be taken as the local relationship from the Model Code 473 




Fig. 5 Bond strength as a function of (a) the compressive strength and (b) its square root (b): 381 experimental 
data points and linear regression analyses. 
 476 
The effect of ratios c/d and l/d is illustrated through Fig. 6a and Fig. 6b, which represent 477 
experimental evidence from tests with c/d > 3.5 and l/d ≤ 7.5 (146 data points, the outlier points 478 
removed in the previous section having also been removed here) which roughly exhibit the conditions 479 
compatible with the local bond stress-slip curve of Model Code 2010. These 146 data are presented in 480 
series ‘SoA’ (it stands for state of the art). The dispersion has been reduced and the linear regression 481 
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curves exhibit better values of the R2 coefficients. Furthermore, the 16 additional empirical results 482 
obtained in the experimental study reported in this paper are also represented in in Fig. 6a and 6b, 483 




Fig. 6 Bond strength as a function of (a) the compressive strength and (b) its square root (b): ‘SoA’ series is 
sourced from the state of the art’s experiments with c/d > 3.5 and l/d ≤ 7.5; ‘Exp.’ series presents the 16 
experimental results reported in this paper. 
 486 
A nonlinear multiple regression analysis was performed to try to predict the peak bond strength 487 
after high temperature exposure with an equation similar to that one in Model Code 2010. This model 488 
is described by Eq. [19]: 489 
 , , ,  
n
b max T b c Tk f          [19] 490 
where kb is a coefficient that accounts for the quality of the bond conditions, which might be 491 
affected by high temperature exposure –equivalent to coefficient  in the model by Yang et al. [37]. 492 
The regression analysis would try to obtain the relationship between coefficient kb and a number of 493 
variables: the exposure temperature (T), the type of fibre (FT), the fibre volume fraction (VF), the l/d 494 
ratio, the c/d ratio and the age at testing (Age). This relationship is illustrated in Eq. [20]: 495 
3 3 3 3 3 3 3            b
l c
k A B T C FT D VF E F G Age
d d
         [20] 496 
Given that the number of independent variables is 6 and the number of available data points is 497 
142, there are around 24 points per variable, which lies within the recommended range. Three non-498 
linear regression analyses were thus performed: (i) with the power n equal to 0.5 (according to Fig. 499 
6b); (ii) with the power n equal to 1 (Fig. 6a); and (iii) with the power n as an unknown coefficient to 500 
be obtained through regression, similarly to coefficients A3 through G3. The results are shown in 501 
Table 8.  502 
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The single variable models for the relationships between , ,b max T  and  ,
n
c Tf  are illustrated in Fig. 503 
6a and Fig. 6b, with fc,T or ,c Tf  as the only independent variable (x). These regression lines 504 
exhibited R2 values of 0.649 (with n = 1, Fig. 6a) and 0.615 (with n = 0.5, Fig. 6b). However, the 505 
multiple variable based models given by Eq. [19]-[20], which are shown in Table 8, outdo the former 506 
models with values of R2 over 0.8. This fact seems to demonstrate that the multiple variable approach 507 
is entirely suitable for explaining the evolution of the bond strength at high temperature by means of a 508 
generalised form of the peak bond strength equation of Model Code 2010. Moreover, the most 509 
striking finding of this work is that when the value of the power n is subjected to the non-linear 510 
regression analysis, the result (n = 0.639) is very close to the value suggested in the Model Code 2010 511 
(n = 0.5), even though the value n = 1 had initially yielded a better R2 coefficient in the single 512 
variable approach.  513 
 514 
Table 8. Results of regression analyses for b,max,T given by Eq. [19]-[20] 515 
 Power n = 0.5 Power n = 1 Power n = 0.639 ± 0.100 
A3 0.854 ± 0.886 -(0.0860 ± 0.1674) 0.268 ± 0.589 
B3 -(0.00209 ± 0.00039) -(1.05 ± 0.77)·10-4 -(0.00101 ± 0.00059 ) 
C3 -(0.309 ± 0.171) -(0.0578 ± 0.0299) -(0.187 ± 0.116) 
D3 1.90 ± 0.89 0.115 ± 0.148 0.904 ± 0.707 
E3 -(0.348 ± 0.091) -(0.0595 ± 0.0165) -(0.211 ± 0.094) 
F3 0.550 ± 0.246 0.129 ± 0.045 0.370 ± 0.181 
G3 0.0306 ± 0.0089 0.00529 ± 0.00156 0.0194 ± 0.0082 
R2 factor 0.871 0.837 0.879 
 516 
Furthermore, it is possible to give a physical explanation for the model represented through Eq. 517 
[19]-[20]. The peak bond strength at temperature T would not only be reduced as a consequence of 518 
the loss of concrete compressive strength fc,T but also because high temperature damages the quality 519 
of the bond condition associated with coefficient kb. The signs of coefficients A3 through G3 represent 520 
the effect of the variables on the bond condition: positive (> 0) or negative (< 0). Temperature, type 521 
of fibre and bond length seem to have a negative impact on the bond quality. Conversely, fibre 522 
volume fraction, concrete cover and age at testing would have positive effect. In summary, the peak 523 
bond strength after high temperature exposure b,max,T (in MPa) may be described through Eq. [21]: 524 
 
0.639
, , ,  b max T b c Tk f          [21] 525 
where fc,T is the concrete compressive strength (in MPa) at temperature T (in °C) and coefficient 526 
kb is calculated though Eq. [22] for plain concrete (without fibre addition): 527 
, 0.268 0.00101 0.211 0.370 0.0194     b b plain concrete
l c
k k T Age
d d
         [22] 528 
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where l is the bond length, d is the ribbed bar diameter, c is the clear concrete cover of the bar and 529 
the Age is expressed in days. In the case of fibre reinforced concretes, coefficient kb is given by Eq. 530 
[23]:  531 
, 0.187 0.904  b b plain concretek k FT VF          [23] 532 
where FT is the type of fibre –defined earlier in the paper– and VF is the fibre volume fraction 533 
expressed as a percentage.  534 
The application of this model at room temperature (20 °C) would predict a value of kb = 1.59 (age 535 
of 28 days) or kb = 2.79 (age of 90 days) for a reinforced concrete without fibre addition and l/d = c/d 536 
= 5. These results show reasonable agreement with the values recommended in the Model Code 2010 537 
(between 1.25 and 2.5, depending on the bond condition). Based on Eq. [22], in a reinforced concrete 538 
element exposed at 800 °C, coefficient kb would suffer a loss between 28% (age of 90 days) and 50% 539 
(age of 28 days). The effect of fibres seems to have positive effect on the bond condition at high 540 
temperature. For instance, a 90 days reinforced concrete at 800 °C would exhibit a kb = 2.00; the 541 
addition of a 0.5% of steel fibres might increase kb by a 13%, whereas hybrid fibre addition (0.5% of 542 
steel fibres plus 0.2% of polypropylene fibres) might increase kb by a 3.6% with respect to the plain 543 
concrete. 544 
As stated in the previous section, the analytical models by Varona et al. [35] and Yang et al. [37] 545 
attempted to predict the peak bond strength at high temperature (b,max,T) instead of aiming at the 546 
normalised residual (peak) bond strength (NRBS), which was the objective of the rest of the models 547 
collected in Table 2. The model by Yang et al. was based on the equation of the Model Code 2010 548 
with n = 0.5, whilst Varona et al. devised a linear relationship (n = 1) between b,maxT and fc,T. The 549 
database with the 146 state of the art’s experiments that correspond to test conditions close to Model 550 
Code 2010 is now used to compare these two models with the multiple variable model of the Model 551 
Code 2010 equation (MVM-MC) given by Eq. [21]-[23]. The error measurements observed in the 552 
predictions are annotated in Table 9. The MVM-MC developed in this work is the model that best fits 553 
the available experimental results (MAPE = 22.6%, RMSE = 2.65).  554 
 555 
Table 9. Error measurements of b,max,T models 556 
 
Applied to results in state 
of the art database 
 Applied to additional 
experiments in Table 5 
Model MAE MAPE RMSE  MAE MAPE RMSE 
Varona et al. [35], Eq. [9]-[10] 3.01 30.2% 4.42  3.79 28.3% 4.61 
Yang et al. [37], Eq. [11] 7.04 97.3% 8.09  4.34 62.7% 4.86 
MVM-MC, Eq. [21]-[23] 1.96 22.6% 2.65  3.24 34.0% 4.10 
 557 
A second set of error measurements is included in Table 9, to compare the additional results from 558 
the experimental programme reported in Table 5 with the b,T values that would be estimated through 559 
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Eq. [9]-[11] and Eq. [21]-[23]. In this case the MAPE error favours the model by Varona et al. [35] 560 
whilst the new multi-variable generalisation of the Model Code 2010 formulation developed in this 561 
paper exhibits the minimum RMSE.  562 
 563 
6. Conclusions 564 
The evolution of the bond between reinforcing steel and concrete at elevated temperatures is not 565 
addressed by structural concrete standards and, moreover, is one of the least researched topics in 566 
concrete technology. This paper attempts to present a thorough literature review of experimental 567 
studies that have been reported since the 1950’s, which have been systematically collected in a 568 
database of experimental results. The disparity between the test conditions has been taken into 569 
account through the identification of eleven variables: exposure temperature, concrete compressive 570 
strength at ambient temperature, type of fibre, fibre volume fraction, ratio of bond length to bar 571 
diameter, ratio of concrete cover to bar diameter, ratio of thermal saturation plateau to specimen size 572 
squared, age at testing, normalised residual bond strength, concrete compressive strength at high 573 
temperature and peak bond strength at ambient temperature. All the experimental setups used 574 
modified versions of the pull-out test and the geometry of the specimen was cylindrical in most cases. 575 
However, few tests tried to reproduce the conditions of the local bond stress-slip relationship of the 576 
Model Code 2010 [21] in terms of bond length and sufficient clear concrete cover, despite of what, 577 
some authors tried to adapt the formulation for the peak bond strength in the Model Code 2010 for 578 
high temperature exposure. 579 
Based on the experimental results available, two regression analyses have been devised. The first 580 
is aimed at predicting the normalised residual bond strength as a function of the exposure temperature 581 
and five more independent variables. Using the experimental results available in the database as a 582 
source, this model compares favourably with previous analytical models. Furthermore, this multi-583 
variable approach describes the impact that relevant variables have on the bond behaviour at high 584 
temperature:  585 
 The clear concrete cover has a negative effect on the normalised residual bond strength 586 
because thinner covers may cause a premature brittle failure at ambient temperature and 587 
thus reduce the original value to which is compared the bond strength at high 588 
temperature, which is less likely to fail by splitting.  589 
 The age at testing also has a negative impact on the normalised residual bond strength. 590 
For example, at 800 °C the loss in bond strength in a 90 days old reinforced concrete 591 
element would be increased by 16% with respect to a 28 days old sample. This may be 592 
attributed to the fact that the hydration of the cement paste is higher in older concretes. 593 
Consequently, the mechanical properties at ambient temperature are increased but, at the 594 
same time, the cement paste may suffer more damage caused by the dehydration 595 
reactions taking place when exposed to elevated temperature. 596 
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 The addition of fibres seems to have a beneficial impact on the bond strength at high 597 
temperature. The model predicts that the addition of 0.5% in volume of hybrid fibres 598 
would reduce the loss in residual bond strength by 7.6% at 800 °C. A similar effect might 599 
be obtained with the addition of 0.2% of polypropylene fibres.  600 
 From a statistical point of view, the compressive strength at room temperature would not 601 
have a significant effect on the evolution of the bond strength after high temperature 602 
exposure.  603 
A second multi-variable non-linear regression analysis succeeds in adapting the Model Code 604 
2010’s equation to predict the peak bond strength after high temperature exposure. This equation 605 
defines a relationship between the peak bond strength at a given temperature and the concrete 606 
compressive strength (at the same temperature) to the power n. The optimum value of n was found to 607 
be 0.639 and is fairly close to the original value in the Model Code 2010. The equation includes a 608 
coefficient kb associated with the quality of the bond condition, which depends on the exposure 609 
temperature and five more independent variables. At room temperature the value of kb ranges 1.59 to 610 
2.79 depending on the age of the reinforced concrete element (28 to 90 days), which reasonably 611 
agrees with the recommended values in the Model Code 2010. This coefficient could be reduced by 612 
30-50% at 800 °C in some cases, which demonstrates that the bond strength after exposure to 613 
elevated temperature is compromised not only because of the loss of concrete compressive strength 614 
but also because high temperature exposure damages the quality of the bond condition between 615 
concrete and steel. A negative linear relationship has been found between high temperature exposure 616 
and bond condition, whereas the concrete maturation, the clear cover of the ribbed bar and the fibre 617 
content have been found to have a positive effect on the bond condition. For example, the addition of 618 
0.5% of steel fibres may enhance the bond condition by a 13% after exposure to 800 °C.  619 
This paper also reports the results of an additional experimental study that has been carried out 620 
and is focused on the evolution of the concrete compressive strength and the bond strength after high 621 
temperature exposure. The experimental programme included normal strength and high strength 622 
concretes without or with fibre content. These additional experimental results have been used to 623 
compare the previous prediction models available in the state of the art with the new models 624 
developed in this paper for the normalised residual bond strength and the peak bond strength at high 625 
temperature, which have been thus validated.  626 
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